This paper focuses on the relationship between the phase transition of the Pacific decadal oscillation (PDO) and decadal variation of the East Asian summer monsoon (EASM) in the twentieth century. The first transition occurred in the 1940s, with an enhanced SST in the North Pacific and reduced SST in the tropical eastern Pacific and South Indian Ocean. In agreement with these SST changes, a higher SLP was found in most parts of the Pacific, while a lower SLP was found in the North Pacific and most parts of the Indian Ocean. In this case, the EASM was largely enhanced with a southerly anomaly in the lower troposphere along the east coast of China. Correspondingly, there was less rainfall in the Yangtze River valley and more rainfall in northern and southern China. An opposite change was found when the PDO reversed its phase in the late 1970s. In the tropical Indian Ocean and western Pacific, however, the SST was enhanced in both the 1940s and 1970s. As a result, the western Pacific subtropical high (WPSH) tended to extend westward with a larger magnitude in the 1970s. The major features were reasonably reproduced by an atmospheric general circulation model (IAP AGCM4.0) prescribed with observed SST and sea ice. On the other hand, the westward extension of the WPSH was exaggerated in the 1970s, while it was underestimated in the 1940s. Besides, the spatial pattern of the simulated summer rainfall in eastern China tended to shift southward compared with the observation. 
Introduction
Previous studies have shown that the East Asian summer monsoon (EASM) underwent a significant decadal variation in the 20th century (Wang, 2001; Xue, 2001; Zhou et al., 2009a; Chen and Xue, 2013) . A weakened EASM occurred in the late 1970s, characterized by a weaker southerly in summer along the east coast of East Asia and a southwestward extension of the western Pacific subtropical high (WPSH). Concurrently, the summer rainfall pattern in China also changed, with more rainfall in the Yangtze River basin and less rainfall in northern China (Wang, 2001; Xue, 2001 ). Gong and Ho (2002) noted that a warmer SST played a role in the decadal extension of the WPSH and associated change in rainfall pattern in China after the 1970s. There is also evidence that this decadal variation was associated with enhanced tropical SST, which resulted from a phase transition of the Pacific decadal oscillation (PDO) (Zhu and Yang, 2003) . Yang et al. (2005) found that, corresponding to a positive phase of the PDO, there was a northerly anomaly in northern China, which was unfavorable for water vapor transport, resulting in less rainfall. More recently, Yu (2013) indicated that the phase of the PDO is negatively correlated with the EASM, and the phase transition was, to a large degree, responsible for the decadal weakening in the late 1970s.
At present, the decadal variation of the EASM circulation can be simulated well by an atmospheric model with prescribed SST. For instance, most models can simulate the westward extension of the WPSH in the late 1970s if a decadal warming in the tropical western Pacific and Indian Ocean is added into the models (Zhou et al., 2009b) . On the other hand, most models fail to simulate the decadal change in rainfall pattern in China associated with the decadal weakening of the EASM (Li et al., 2010) . Recently, the fourth generation atmospheric model developed at the Institute of Atmospheric Physics (IAP AGCM4.0), was used by Chen and Xue (2013) to simulate the decadal variation of the EASM circulation and associated summer rainfall in China in the late 1970s. They showed that this model can reasonably simulate the decadal change of the EASM circulation, as well as the rainfall pattern, in China. Hence, they concluded that the performance is model-dependent, and models with a relatively higher resolution, such as IAP AGCM4.0, possess some ad-vantages in simulating the rainfall pattern compared with earlier models with a relatively lower resolution.
It should be noted that, besides the transition from a negative phase to a positive one in the late 1970s, the PDO also underwent an opposite transition in the mid-1940s (Fig. 1) . If the PDO phase transition in the late 1970s induced the EASM decadal variation, as mentioned above, it is reasonable to infer that the EASM may also have experienced a decadal variation in the 1940s. However, owing to insufficient observations in the first half of the 20th century, less attention has been paid to the decadal variation in the 1940s compared with the 1970s. Recently, the 20th century reanalysis (20CR), version 2, covering the whole 20th century period, was released by the Department of Energy and National Oceanic and Atmospheric Administration of the United States (Compo et al., 2011) . This dataset provides us with an opportunity to investigate the EASM decadal variation in the 1940s.
As an oscillating phenomenon with a period of 50-60 years, the PDO experienced a whole period in the 20th century, including the phase transition in the 1940s and 1970s (Mantua et al., 1997; Mantua and Hare, 2002; Deser et al., 2004) . Therefore, a comparison of the decadal variation between the 1940s and 1970s can further enhance our understanding of the relationship between the PDO and EASM from a different perspective. The result should also be helpful in terms of predicting the decadal variation of the EASM in the future.
Based on observational data and the 20th century reanalysis data, together with simulation data produced by IAP AGCM4.0, we studied the relationship between the phase transition of the PDO and the associated decadal variation of the atmospheric circulation and SST in the 20th century, with a focus on the EASM. Following this introduction, brief descriptions of the data and model are given in section 2. Sections 3 and 4 present the observational and simulation results, respectively, followed by a summary and further discussion in section 5.
Model and data
Several datasets were used in this study. Monthly mean global land precipitation with a resolution of 0.5 • × 0.5 • was provided by the CRU, University of East Anglia (Mitchell and Jones, 2005) . It should be noted that this dataset is interpolated from observations alone, without any proxy data included in the construction. Wen et al. (2006) showed that the CRU data exhibit significant correlation with other results in China during the 20th century. Besides, global SLP data with a resolution of 5 • × 5 • (HadSLP2), SST and sea ice with a resolution of 1 • × 1 • (HadISST) were provided by the Met Office Hadley Center (Xue et al., 2003; Allan and Ansell, 2006; Smith et al., 2008) . The HadSLP2 data are created using marine observations and land (terrestrial and island) observations from 2228 stations around the globe.
The wind field and geopotential height, with a resolution of 2 • × 2 • , in the 20CR data provided by the Department of Energy and National Oceanic and Atmospheric Administration, were also used (Compo et al., 2011) . It should be noted that, in the 20CR data, only the observed surface pressure is assimilated into the model to generate the reanalysis data. Besides, the PDO index was calculated from the observational SST. The annual cycle was first removed, before the EOF decomposition of SST in the North Pacific (north of 20 • N) was conducted. The first principal component corresponding to EOF1 is regarded as the PDO index (Lapp et al., 2012) .
The model used in this study was the fourth generation atmospheric model of the Institute of Atmospheric Physics (IAP AGCM4.0). The dynamical core was inherited from the former IAP AGCMs. The model physics is similar to version 3.5 of the Community Atmosphere Model. The model has a relatively high resolution, with a 1.4 • lat ×1.4 • lon in the horizontal domain and 26 layers in the vertical direction (Zhang et al., 2009) . The model shows good performance in simulating the EASM (Chen and Xue, 2013; Su et al., 2014) . The model was driven by the observed SST and sea ice from 1 January 1870 to 31 December 2008. Considering the focus of this study, the period from 1920 to 2000 was taken for analysis, except the PDO index shown in Fig. 1 . Figure 1 shows the normalized time series of PDO index in the 20th century. The PDO underwent apparent phase transitions twice in the 20th century. The first transition occurred in the 1940s, from a positive phase to a negative one, while the second transition occurred in the 1970s, with a reversed sign. Based on the PDO phase, we divided the 20th century into three periods: 1920-45 (positive phase); 1946-76 (negative phase); and 1977-2000 (positive phase). The differences among these three periods were used to evaluate the decadal variations associated with the PDO phase. For simplicity, we refer to the difference between 1946-1976 and 1920-1945 (1977-2000 and 1946-1976) as the difference in the 1940s (1970s). Figure 2 shows the global SST differences in the 1940s and 1970s. In the 1940s, the major cooling was in the trop- (1946-1976 minus 1920-1945); (b) 1970s (1977-2000 minus 1946-1976) . Regions above the 5% significance level are marked by a cross.
Observational evidence
ical Pacific, North Atlantic and tropical South Indian Ocean, while the major warming was in the North Pacific, most parts of the Southern Ocean and the tropical regions from the North Indian Ocean to the western Pacific. With the transition of PDO to a positive phase in the 1970s, most oceanic regions experienced an opposite change compared with the 1940s, especially in the Pacific and South Indian Ocean. This fact indicates an influence of the PDO on the SST in these regions. However, there are some exceptions. From the tropical Indian Ocean to the western Pacific, for instance, a warming trend was found in both the 1940s and 1970s.
The large-scale circulation also experienced an evident decadal variation with the decadal variation in the global SST. Figure 3 shows the observed decadal variation of SLP in the 1940s and 1970s, along with the 20CR reanalysis results for comparison. In the 1940s, a positive SLP anomaly was situated in the Pacific and American continents, while a negative one was in the Indian Ocean and Asian continent. Similar to the SST, an opposite trend was apparent in the 1970s, especially in the Pacific, indicating the influence of the PDO. By comparing Fig. 3 with Fig. 2 , we can see that a positive (negative) SLP anomaly generally corresponds to a negative (positive) SST anomaly over most parts of the Pacific and Indian Ocean. From the tropical Indian Ocean to the western Pacific, however, a positive SLP and SST trend were identified in both the 1940s and 1970s. Instead of the PDO, a number of other factors, such as global warming, are possibly responsible for the decadal variation in this region (Dong and Zhou, 2014) .
On the other hand, relatively large differences over continents were apparent between the two datasets. In the 1940s, for example, there was a negative anomaly in the observation over central Asia, which was misrepresented as a positive anomaly in the 20CR data. A similar discrepancy was found over northeastern Asia in the 1970s. Besides the discrepancy in the reanalysis data, observational uncertainty can also not be ignored, especially in the first half of the 20th century. Therefore, one must be cautious when using the reanalysis data over continents.
With the decadal variation in the large-scale circulation, the EASM circulation also showed an evident variation. As shown in Fig. 4 , there was an anticyclonic anomaly in southern China in the 1940s, along with an enhanced southwesterly in eastern China. In other words, the EASM circulation tended to be strengthened with a negative phase of the PDO from the 1940s. In the 1970s, there was a cyclonic anomaly in southern China and an anticyclonic anomaly in northern China. Hence, there was a distinct difference in the two regions. Here, it must be emphasized that this result is different from the result of Chen and Xue (2013) , who showed that the EASM circulation largely weakened after the 1970s. Primarily, the discrepancy likely results from the different datasets. While the ERA-40 data used by Chen and Xue (2013) shows a more reliable result due to the assimilation of satellite data, the 20CR data are not so accurate because only the observed surface pressure is included. Secondly, the decadal variation here is the difference between 1977-2000 and 1946-1976 , while it was the difference between 1979-1999 and 1958-1978 in the result of Chen and Xue (2013) .
In sharp contrast with the large-scale circulation, the WPSH showed a totally different variation during the period concerned. Figure 5 shows the 500 hPa WPSH represented by the 5860 gpm contour in the three periods, i.e., 1920-1945, 1946-1976 and 1977-2000 . Unlike the large-scale circulation, the WPSH tended to extend westward consistently. As demonstrated by Zhou et al. (2009b) , the westward extension of the WPSH in the late 1970s mainly resulted from the warming over the tropical Indian Ocean and western Pacific. Thus, it is reasonable that the westward extension was consistent with the warming in the 1940s and 1970s (Su and Xue, 2010) . It can clearly be seen that the west-point was negatively correlated with the SST over the tropical Indian Ocean and western Pacific on a decadal timescale, except for the small-amplitude oscillation during the 1940-50s.
Corresponding to the decadal variation in the EASM circulation, summer rainfall in eastern China also changed (Fig.  7) . In the 1940s, there was a positive anomaly in northern China, especially around Bohai Bay, and a negative anomaly to the south of the Yangtze River basin. In the 1970s, by contrast, there was a positive anomaly in the Yangtze River basin and a negative anomaly around Bohai Bay. Therefore, an opposite signal between the 1940s and 1970s was clear, especially in northern China, indicating the influence of the PDO. On the other hand, the opposite trend was not so clear in southern China and was limited to a smaller region. As stated above, the WPSH exhibited a consistent westward extension in the 1940s and 1970s. Because the summer rainfall distribution in eastern China is largely controlled by the WPSH, summer rainfall in southern China was also influenced by the SST anomaly over the tropical Indian Ocean and western Pacific.
Simulation result
The IAP AGCM4.0 was used to simulate the EASM circulation by Su et al. (2014) , who showed that the model overestimates the intensity of the WPSH. In the model, the 5920 gpm contour is used to represent the position of the WPSH, instead of the 5860 gmp used in the 20CR data. As shown in Fig. 8 , the westward extension is generally reproduced by the model, but there are systematical discrepancies between the simulation and 20CR data. While the westward extension is largely underestimated in the 1940s, it is overestimated in the 1970s. Besides the model bias, there are two possible reasons for the discrepancies. First, a much warmer trend over the tropical Indian Ocean and western Pacific in the 1970s may lead to a stronger response in the model and associated westward extension (Fig. 2) . In the 1940s, however, the response could be reduced by the internal atmospheric noise in the model due to a relatively weak warming signal. Second, it should be noted that the 20CR data are largely dependent on the model generating the reanalysis. As discussed above, there are serious errors in the 20CR data. Therefore, the result based on the 20CR data cannot be considered in the conclusive sense, but rather as an illuminative clue to the decadal variation. Figure 9 shows the simulated summer rainfall anomaly in the 1940s and 1970s. The model simulates the change in rainfall pattern in the 1970s, except that the pattern is located a little southward. Compared with the 1970s, the performance in the 1940s is relatively poor. While the model simulates the negative anomaly in the Yangtze River basin and the positive anomaly in southern China, it fails to simulate the positive anomaly around Bohai Bay.
To further verify the model's performance in the decadal variation of summer rainfall in eastern China, we performed an EOF analysis (Fig. 10) . To remove high-frequency variability, a 9-year running mean was applied to the original data before the EOF decomposition. The observed EOF1 exhibits a north-south dipole pattern, with the explained variance reaching 29.8%. The dipole pattern is generally captured by the model, except that the pattern is located slightly northward than in the observation. Besides, the model simulates the positive periods in the 1920s, 1960s and late 1980s, and the negative periods in the late 1910s, 1940s and late 1990s. In the 1910s and 1930s, however, the model results are almost opposite to the observation.
A similar feature has also been found in other models. For instance, Yu et al. (2015) investigated the relationship between the PDO and the decadal variation of the summer rainfall pattern in eastern China using a climate model simulation. Based on composite and regression methods, they examined the decadal difference of summer rainfall between a positive and negative phase. In agreement with our conclusion, they showed that summer rainfall in the Yangtze River valley tends to increase in a positive phase of the PDO. What they did not notice was the asymmetrical feature between a positive and negative phase. Based on the comparison between the 1940s and 1970s, there is an evident asymmetrical change in the EASM circulation and summer rainfall in China.
Summary and discussion
Based on observation and 20CR reanalysis data, we studied the relationship between the phase transition of the PDO and decadal variation of the EASM in the 20th century. With the first transition from a positive phase to a negative one in the 1940s, there was enhanced SST in the North Pacific and reduced SST in the tropical eastern Pacific and South Indian Ocean, leading to higher SLP in most parts of the Pacific and lower SLP in the North Pacific and most parts of the Indian Ocean. In East Asia, the summer monsoon enhanced, with a southerly anomaly along the east coast of China. As a result, there was less rainfall in the Yangtze River valley and more rainfall in northern and southern China. When the PDO reversed its phase in the 1970s, an opposite signal was found. In the tropical Indian Ocean and western Pacific, however, the SST enhanced in both the 1940s and 1970s, inducing a consistent westward extension of the WPSH. This fact indicates that, instead of the PDO, a number of other factors may play a major role in the SST change over this region.
Prescribed with observed SST and sea ice coverage, IAP AGCM4.0 can generally simulate the main features of the decadal variation of the EASM circulation and summer rainfall pattern in eastern China. On the other hand, a number of systematic errors exist in the model simulation. While the westward extension of the WPSH in the 1940s is underestimated, it is overestimated in the 1970s. Moreover, there are serious errors in rainfall simulation in the 1940s, especially on a regional scale. It is also noted that, instead of a real observation, the 20CR data are model-generated reanalysis results.
A comparison of 850 hPa wind and summer rainfall in eastern China between the 1940s and 1970s showed, to some degree, a symmetrical feature with respect to the EASM decadal variation associated with the phase transition of the PDO. On the other hand, an asymmetrical feature was apparent, as seen from the consistent westward extension of the WPSH in the 1940s and 1970s. Since the AMIP-type simulation cannot address this issue clearly, we intend to conduct more detailed experiments in the future.
Compared with the decadal variation in the 1970s, less attention has been paid to the variation in the 1940s in previous studies due to the lack of observational data. As shown in this study, the PDO underwent a transition from a positive phase to a negative one in the 1940s, which was opposite to that in the 1970s. As a result, an opposite decadal signal was found in the EASM circulation and summer rainfall in eastern China. This result is important for the future projection of the EASM. As an oscillation with a period of 50-60 years, the PDO has already maintained its positive phase for about 30 years since the late 1970s. Actually, it is evident from Fig. 1 that from the beginning of the 21st century the PDO's phase has begun to change, and thus it can be anticipated that the EASM will be enhanced with the phase transition of the PDO, similar to the case in the 1940s.
